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Constrained geometry catalysts (CGCs) have received consider-

able attention because of their ability to copolymerize ethylene with
a-olefins}~6 forming linear low-density polyethylene (LLDPE) on

the commercial scale of over one billion kg per year. Reportedly,
a-olefin incorporation exceeds that with other organometallic

catalyst systems because of the steric accessibility afforded by the

linked cyclopentadienytamido ancillary ligand. Although the
precatalyst MgSi(175-CsMey)(72-N-Bu) TiMe; is considered to be
the commercial standard for ethylene/1-octene copolymerizations,
it has been shown that inderydmido CGC systems such as Me
Si(7°-2-Me-benzg]Iind) (1-N-Bu)TiCl,/MAO® (MAO = methyl-
aluminoxane) can induce high activity and moderat®lefin
incorporation in ethylene/1-octene copolymerizations. In contrast,
existing fluorenyt-amido polymerization systems such as,Sie
(7°-C13Hg) (7*-N-Bu) TiCl,/MAO are typically inferior with respect

to activity, comonomer incorporation, molecular weight, thermal
sensitivity, and catalytic lifetimé?

Herein we report the synthesis and initial MAO-cocatalyzed
polymerization and copolymerization results of }8&n-CogHsg)-
(7*-N-Bu)ZrCl,*OEY, (1), a sterically expanded zirconium fluo-
renyl-amido complex with an activity and-olefin incorporation
ability far exceeding those of even most titanium systems. The
unusual structure of this precatalyst is likely related to its high
polymerization and copolymerization activity, thermal stability,
propensity to incorporate bulky-olefins at unprecedented levels,
and ability to form generally inaccessible copolymers such as

copoly(1-octene/4-methyl-1-pentene). The catalyst synthesis is facile

Figure 1. The structure of MgSi(17*-CagHs36) (71-N-Bu)ZrClr OEt (1) with
50% probability ellipsoids (frontal and side views, hydrogens omitted).
Selected bond lengths (A) and angles (deg)—@HK1) = 2.3918(18);
Zr—Cl(2) = 2.4155(19); Z+-N = 2.013(5); ZrO = 2.330(5); C+Zr—Cl

= 112.92(7); Cl(1y-Zr—C = 110.87(18); Cl(2)yZr—C = 136.16(18);
C—Zr—N = 76.8(2); C-Zr—0 = 93.40(18); N-Si—C = 95.3(3).

Table 1. Polymerization and Copolymerization Activities with
1/MAO and 2/MAQO?
activity”
monomer 1 conen (M) monomer 2 conen (M) 1 2
ethylene 0.5 - - 4,100 26,8064
4-Me-P 7.54 - - 27,800 2,900
1-octene 6.17 — - 316,000 3,700
4-Me-P 7.54 ethylene 0.5 209,000 184,000
1-octene 6.17 ethylene 0.5 438,000 4779000
4-Me-P 3.62 1-octene 3.19 166,000 3,200

a1.66umol 1 or 2; 1000 equiv MAO;T, = 75°C; 1.0 min; 26 mL total
volume; solvent= toluene; 80 psi ethylene, where applicable; 4-Me=P

and scalable, while the starting materials are accessible and4-methyl-1-pentené kg polymer/(mol Mh). ¢ Average of three rung.0.5

inexpensive-making 1 an ideal candidate for commercial utiliza-
tion. The synthesis of is outlined in Scheme 1 and begins with
octamethyloctahydrodibenzofluoreHes sterically augmented ver-
sion of fluorene (14 vs 9 A).

Synthesis of Me;Si(171-CagHs6)(17-N-Bu)ZrCl,-OEt; (1)

1 \Si/Y
N
7\ // N

Scheme 1.

1) n-butyllithium
2) excess SiMe,Cl,
' 3) Me3CNHLi
4) 2 n-butyllithium
5) ZrCly, Et,O

The X-ray structure of is shown in Figure 1 and represents the
most sterically open CGC reported to détdnspection of the

min runs.

ethereal ligands in the axial positions{Mr—O = 169.9). As a
consolation to the electron-deficient metal center, some stabilization
is found in that the aromaticity of the aryl rings of theg8ss moiety
is not sacrificee-unlike the situation in ally>-fluorenyl ligands.

Table 1 reports thatt/MAO is extremely effective in the
homopolymerization ofi-olefins. The activity in the homopolym-
erization of 4-methyl-1-pentene is about 10 times greater than that
for Me;Si(i7®-CsMe,)(71-N-Bu)TiCl,/MAO (2/MAO). The homo-
polymerization of 1-octene witH/MAO is strikingly efficient,
converting 49% of the monomer to poly(1-octene) in one minute
with an activity that is 85 times greater than that 2KAO.

An unexpected result fot/MAO is that the observed activity
for ethylene homopolymerization is the lowest. Correcting for

interatomic distances between the Zr and the five-membered ring monomer concentration, the first generation Ti-CBRIAO is 140

of the GgH3s fragment reveals that the ZC(1) bond (2.299(7)

times more active for ethylene homopolymerization than for

A) is notably shorter than those in analogous systems, which range4-methyl-1-pentene homopolymerization. SimilagyMAO is 90

from 2.377(7) to 2.430(5) A.The next shortest ZrC distance is
2.731(6) A (Z—C(2)), which is most accurately described as only
a weak interactiod? Thus, the GgHzs fragment is best categorized
as a simplep! X-type ligand?® and 1 is formally a 12-electron
trigonak-bipyramidal organometallic complex having amido and
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times more active for ethylene homopolymerization than for
1-octene homopolymerizatidnAdjusting the homopolymerization
values in Table 1 for monomer concentration reveals tHdAO

is merely2 timesmore active with ethylene than with 4-methyl-
1-pentene, despite the fact that the latter is a branchetefin.

10.1021/ja044678g CCC: $27.50 © 2004 American Chemical Society
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Figure 2. Activity and 4-methyl-1-pentene incorporation withtMAO are
proportional to comonomer concentration in ethylene/4-methyl-1-pentene
copolymerizationsT, = 75 °C; 80 psi ethylene in toluene). The activity
response of MgSi(;7°-2,3-Mex-benzf]Ind)(71-N-Bu) TiCl./MAO is shown

for comparisor?.

Astoundingly, the activity for ethylene homopolymerizatiomiee-
sixth that of 1-octene homopolymerization. IndeddyIAO can
exhibit aninverted preference fom-olefin homopolymerizatiornwer
ethylene homopolymerizatiolVe know of no precedent for this
tendency.

Table 1 also highlights the copolymerization ability BMAO.

As long as ethylene is present, the copolymerization activity of
2/IMAO is comparable to that dfMAO. However, when 4-methyl-
1-pentene and 1-octene are copolymerized/BJAO, the activity

is less than when ethylene is present but, nonetheless, is 52 time
more active than witl2/MAO and easily excels that of any known
CGC for the copolymerization of two bulkg-olefins. These
findings further emphasize the unusually high reactivitf/oiAO
toward a-olefins.

Although some ethylene polymerizations initially exhibit a
measurable increase in activity upon introduction ofoanlefin
(the comonomer effeit* the overall trend for homogeneous
Ziegler—Natta olefin copolymerization systems invariably reveals
a diminished activity as.-olefin concentration further increases.
1/MAO operates contrary to this trend. In ethylene/4-methyl-1-
pentene copolymerizations witMAO, the actiity follows an
approximate linear relationship with 4-methyl-1-pentene concentra-
tion at all concentrations, including neat comonomeigure 2
illustrates this relationship and also indicates the mol % of 4-methyl-
1-pentene incorporated into the polymers. In neat comonomer,
4-methyl-1-pentene incorporatior»95%) is comparable to or
greater than its feed fraction (ca. 94%). Figure 3 illustrates a similar
unyielding comonomer effeftr ethylene/1-octene copolymeriza-
tions with /MAO, for which activities are even greater.

In summary, the sterically expanded catalyst systeYldAO
produces homopolymers and copolymersailefins with unprec-
edented activities and incorporation rates. A tentative explanation
to be investigated is that the spatial accessibilitylaenders a
sterically indiscriminate catalyst and selectivity then defaults to
electronic considerations, which favor coordination and insertion
of the more electron-riclki-olefins over ethylene.
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